One of the factors limiting the accuracy of the 150 steady-state method for the measurement of regional cerebral blood flow and oxygen metabolism is the re quirement that a constant arterial blood concentration be maintained over long periods. A new method has been developed to correct for the variation of the arterial con centration in the Cl502 and 1502 steady-state inhalation technique. The time course of the arterial activity is ob tained by multiple sampling over the study period. The same 150 model as is used in the steady-state method is employed but is solved without assuming equilibrium. Look-up tables are generated to relate flow and oxygen extraction fraction to tissue activity, and from them the
The continuous inhalation of CI502 and 1502 gas is widely used as a simple and practical method to measure regional CBF, oxygen extraction (OEF), and CMR02 by positron emission tomography (PET) (Jones et aI., 1976; Subramanyam et aI., 1978; Frackowiak et aI., 1980; Ackerman et aI., 1981; Baron et aI., 1981; LeBrun-Grandie et aI., 1983; Wise et aI., 1983) . The conventional method requires constant arterial blood activity over the period of imaging as well as the preceding several minutes for the regional cerebral tissues to be equil ibrated. Some clinical studies do not meet this con dition due to the instability of the cyclotron output and/or variation in patient respiration. Although the former can be controlled technically in practice, the latter may lead to large variations. And these varia tions can lead to a significant error in the measured regional parameters are estimated. Theory and simula tion studies suggest that substantial improvement in ac curacy can be obtained with no increase in statistical error. The validity of the method was checked experi mentally by making repeated measurements in the same subject after perturbing the gas delivery. The conven tional steady-state method showed significantly larger deviations in repeat measurement than did the new method. Thus, it is concluded that the proposed method is superior. Key Words: 150 steady-state method-Posi tron emission tomography-Arterial activity concentra tion-Regional cerebral blood flow-Regional cerebral oxygen extraction fraction.
parameters (Meyer and Yamamoto, 1984; Correia et aI., 1985) .
Simulation studies based on the Kety diffusible tracer model (1951; 1960) have shown that the sys tematic errors due to variation in arterial concen tration can be reduced if three or more blood samples are used to obtain the average arterial ac tivity during the data acquisition (Meyer and Yama moto 1984; Correia, et aI., 1985) . Lammertsma et ai. (1986; have reviewed more than 600 studies, showing that the mean coefficient of varia tion for the arterial blood samples is �5% and that it typically leads to CBF errors of 4-9 ml 100 g-I min -I and OEF errors of �6%. Overall, these findings give increased confidence in the use of the steady-state method. However, these data also show that one can expect larger errors (15-20%) in �30% of studies.
Several aspects of the averaging procedure can be criticized. First, the simple averaging does not properly account for the effects of variation of the input concentration. Second, it is not sufficient to sample blood only during the scanning period. Un less steady state is achieved and maintained, the tissue concentration is determined not only by the current arterial concentration but also by its weighted integral (convolution) during the pre ceding several minutes. Therefore, even with noise less and continuous blood measurements available throughout the scanning period, the averaging method cannot correct the data perfectly. Finally, it is difficult, if not impossible, to determine the time when the tracer concentrations have reached steady state. It would be possible to improve the accuracy of the technique and make it even more robust and practical to use in clinical investigations if these criticisms could be addressed. In this article we describe a new method and present data from human studies to support its advantages.
THEORY

CBF measurement (C1502 inhalation)
The tracer model for H2150, the actual tracer in CI502 continuous inhalation, was presented by Jones et al. (1976) , Subramanyam et al. (1978), and Frackowiak et al. (1980) based on Kety's diffusible trac e r model. The regional cerebral activity change is described as
where CI-I) is the tissue concentration of H2150 measured by PET, Ca(t) is the arterial concentra tion of H2150 measured by blood sampling, F is the regional blood flow, p is the partition coefficient of water between brain and blood, and" is the phys ical decay constant of 150.
On continuous inhalation of CI502 gas of con stant activity, a steady state is reached within 8-10 min. Then CI-I) and Ca(t) become constant (CT and Ca), resulting in
C -FCa
or (3) which is the operational equation for the steady state method.
In the new method, CI-I) and Ca(t) need not be constant. Solving the differential equation (Eq. 1) with the initial condition that the tissue concentra tion at the start of blood sampling (t = 0) is CI-O) gives: Vol. 8, No.5, 1988 When the PET scan is performed from I I to 12 (0 < I I < 12), the measured average regional activity is
We can approximate Cr<O) by
which is reasonable as long as the arterial and tissue concentrations are near equilibrium at t = 0, an acceptable condition after 8-10 min of contin uous inhalation. Moreover, since the initial value only affects the first term of Eq. 4, and its effect is attenuated with time by a factor of e-(F l p H ) I , we can reduce the importance of this assumption by scanning not from I = 0 but some time later (II = 1 min in our protocol). The arterial activity curve Ca(t) is determined by multiple blood sampling starting from t = 0 with interpolation between measured points to create a smooth curve. A look-up table is then generated to relate F to C T , from which CBF is estimated: For each CBF value from F = 0 to 200 ml/min/100 g in steps of 0.2 flow units, the average tissue activity CT is calculated from Eqs 4 and 5. The partition coefficient p was assumed to be unity in the present study.
OEF measurement (1502 gas inhalation)
The tracer model for 1502 continuous inhalation was also presented by Subramanyam et al. (1978) and Frackowiak et al. (1980) , and the effect of intra vascular 1502 was extensively studied and cor rected by Lammertsma and Jones (1983) . The re gional cerebral activity CI-t) is the sum of the tissue activity in proper Clt) and the blood pool activity Ch(l)
The tissue activity change during the 1502 inhala tion is described by
where E is OEF, and Co(t) and CElt) are the con centration of 1502 and H2150 in the arterial blood, respectively, which are calculated from the activity of whole blood and plasma in CI502 and 1502 inha lation, assuming that all the activity in the plasma comes from H2150 and that the water content ratio of whole blood to plasma is constant during the two studies.
On the other hand, the regional blood pool ac tivity is approximated by
where Vb denotes the fractional regional blood volume, which was assumed to be 0.04 of the pixel volume in the present study.
In the steady state, all variables are time-inde pendent. Therefore,
which is the operational equation in the steady state method.
In the new method none of those time variables need to be constant. Eq. 8 is solved to derive a gen eral solution for Cit), which, together with Eqs. 7 and 9, gives the total tissue concentration as
( 1 2) We again assumed that Cll) is near its steady state value at t = 0 after 8-10 min of continuous inhala tion and can be approximated by When scanned from t l to t2, the measured average regional activity is
(1 4)
Combining Eqs. 12 and 14 gives general expression for E:
where 1 1 1 2
12 -t l II 0
The arterial blood is sampled several times during the study starting from t = 0 to obtain the Co(t) and CH(t). The functions CI , C2, C3, and C4 depend on at most one local parameter, Flp, and thus are calculated as look-up tables. Then E is cal culated from Eq. 15 using regional F, which is esti mated from CI502 inhalation performed just before the 1502 study at exactly the same position. This approach also allows for inclusion of additional in formation about the local variation of blood volume Vb and water partition coefficient p in Eq. 15, which may be available from other studies, al though they are assumed to be constant in the present study (Vb = 0.04 and p = 1).
CMR02 is calculated as the product of CBF, OEF, and the arterial blood oxygen content.
METHODS
Simulation study
Simulation studies were performed to evaluate the errors in the steady-state method induced by the arterial activity variation and to confirm the ability of the new method to correct for it.
CI502 study: The arterial input function was assumed to be Ca(t) = ate-atf600 + 500 (16) where a = 1.5, 3, or 6. The tissue activity was calculated using Eqs. 4 and 6. The arterial samples were assumed to be acquired every minute starting at t = 0 without errors. The scan period was fixed such that t 1 = 1 min and '2 = 6 min. The CBF values were calculated using the conven tional steady-state method and the new method. In the steady-state method, the average of the Ca(t) samples during the scan period was used as Ca and CBF was cal culated from Eq. 3 with p = 1. In the new method, CBF was calculated from Eq. 5 as described before. No bias or statistical error was assumed for Ca(t) or C�t).
1502 study: The arterial input function was assumed to be
where a = 1.5 or 3, although in practice the time course of CIIt) may differ from that of Co(t), especially when Co(t) is far from constant. The tissue activity was calcu lated using Eq. 12. Although CIIt) and Co(t) are derived from blood and plasma activity in CI502 and 1502 inhala tion, here they were assumed to be sampled every minute from t = 0 without errors. In the steady state method the average values during the scanning period were used as Co and CH, and OEF was calculated from Eq. 11. In the new method OEF was calculated from Eq. 15 as de scribed before. Correct CBF values were used for each calculation.
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Validation study
A human study was performed to test the validity of the new method. The subject was a 40-year-old man with cerebral infarction. His head was fixed within an individ ually molded head-holder and positioned in the gantry of the Scanditronix PC-384 positron tomograph (Skandi tronix Inc., Uppsala, Sweden), which has three detector rings and provides five slices of images at an interval of 14 mm (Litton et aI., 1984) . A small catheter was placed in the radial artery for blood sampling. The subject in haled CI502 gas for 25 min for two CBF measurements. After a 5-min intermission for gas changes in the cyclo tron, 1502 was inhaled for 25 min for two OEF measure ments at exactly the same position. In both inhalations we allowed 10 min to reach an equilibrium and then two successive 6-min PET scans were performed. The 150 gas flow was deliberately increased by a moderate amount from the latter half of the first scan. The differences be tween the CBF or OEF values calculated from those two scans, under the assumption of physiological steady state, were considered to reflect the arterial activity vari ation.
The arterial blood was sampled every 2 min, starting 1 min before the scan starting time. Each sample was col lected for 25 s to average the fluctuations due to the respi ratory phase; and the activity concentrations of whole blood and plasma were measured with a well counter. A spline interpolation was employed to generate smooth input curves.
The PET images were reconstructed with a filter pro viding spatial resolution of 8.5 mm full-width at half-max imum. Photon attenuation was compensated for using the method of Bergstrom et al. (1982) . The tissue activity concentration in the PET images was cross calibrated against the well counter using a cylindrical phantom filled with 18F solution.
In the new method CBF and OEF were calculated pixel by pixel using Eqs. 5 and 15. For the conventional steady-state method the average arterial concentration during each scanning period was used to calculate CBF and OEF images from Eqs. 3 and 1 1, respectively.
Error propagation analysis
The propagation of statistical errors to the parameter estimates was analyzed. Because the statistical error of the arterial concentration is much smaller than that of tissue concentration, we only evaluated the latter.
The error sensitivity of the steady-state method for CBF measurement was described previously (Huang et aI., 1979; Jones et aI., 1982) as
showing an amplification of (1 + Fh) due to the non linear nature of Eq. 3. This amplification factor is called the fractional error propagation factor and is calculated as the ratio of the fractional error in the parameter esti n:ates (dFIF) to that in the measured tissue activity (d C ri CT). A similar analysis can be carried out for the new method with a specified arterial input function. The frac tional error in CBF (dFIF) was determined by numeri cally computing dFldCT in Eq. 5 using the data from the human study and compared with that of the steady-state method.
J Cereb Blood Flow Metab, Vol. 8, No.5. 1988 The error propagation in OEF in the steady state is ex pressed by dE E (CH I Co + Vb(AIF + P-I)) dCT
which is derived from Eq. 15. Here the error originating not only from CT but also F was considered because the estimate of F receives the error of the tissue activity in CI502 scan (Correia et aI., 1985) . The error propagation in our method was estimated, likewise, by numerically dif ferentiating E with CT and Fin Eq. 15 using the data from the human study and compared with the steady-state method.
Clinical application
The new method was applied to 10 cases in our routine clinical PET examinations using CI502 and 1502 gas, and the results were compared with the conventional steady state method. The subjects included eight men and two women, with ages ranging from 37-78 (mean, 55). The clinical diagnosis was cerebral infarction in four cases, transient ischemic attack in three cases and no cerebral abnormality in three cases. The patients underwent PET scanning procedures in the same manner as described in the validation study section except that (a) the radioac tive gas delivery from cyclotron was kept constant, and (b) the PET scan was performed for 6 min after 10 min of inhalation for equilibration in each gas. The arterial blood was sampled every two min starting 1 min before the scan starting time. The data were analyzed both with the con ventional steady-state method and with the new method to generate parametric images of CBF, OEF, and CMR02•
RESULTS
Simulation studies
Fig. I illustrates the results of the simulation study in which IX = 1.5. When Ca(t) increased 44% continuously, as much as -12% error occurred in CBF in the steady-state method. When IX = 3, in which Ca(t) increased 44% and then decreased gradually, the error in CBF was -10% in low flow and -5% in high flow. When IX = 6, in which Ca(t) decreased during the scan after bump 44% in crease, the error in CBF was -5%, 0, and + 5% in CBF = 10, 50, 100 mllminll00 g, respectively. As for the OEF estimates in the 1502 steady state simu lation, 10-20% error was observed in the low flow range in every variety of Co(t) shape and OEF value studied. The new method corrected for the arterial activity variation and provided accurate es timates in all simulation cases. It was also indicated that a sampling frequency of one per min is suffi cient to trace the arterial time course for this degree of time variation. Fig. 2 compares CBF images of the first and the second scan calculated through the steady-state method and the new method. The two scans were successively performed without any noticeable change in respiration or neurological state on the part of the subject. There was no significant change in the arterial CO2 gas tension during the study. Be cause the cyclotron output increased during the study, the average arterial activity Ca increased from 1. 43 fLCi/ml in the first scan to 1.54 fLCilml in the second scan (8% increase). On inspection, the CBF images calculated from the steady-state method exhibited obvious differences between the two scans, whereas the new method presented al most identical CBF images. These differences are portrayed quantitatively in Fig. 3 , where the re gional CBF values of the two scans were plotted pixel by pixel. In the steady-state method the de- viation from the line of identity was evident, the average being 15.7% (p < 0.0001 in paired t test). In the new method, the plots were scattered symmet rically on both side of the line of identity with ap proximately the same degree of statistical variation, the average deviation being 0.1% (p > 0.5). Fig. 4 shows the comparison of the OEF images calculated from the two successive 1502 scans using the same C1502 scan. The patient respiration and sensorimotor state was kept constant during the study. Because the cyclotron output increased during the study, the average whole blood activity concentration increased from 1.64 fLCi/ml in the first scan to 2.13 fLCi/ml in the second scan (29% increase). The steady-state method showed a signif icant deviation in OEF between the two scans whereas the new method presented less discrep ancy. The finding was confirmed as shown in Fig.  5 , where the steady-state method showed averaged FIRST SCAN �,�. 4.6% deviation from the line of identity (p < 0.05) whereas it was 2.3% in the new method (p > 0.1). and compared between the steady-state method and the new method. Fig. 6A plots the fractional error propagation from tissue activity to CBF, and Fig. 6B shows that from tissue activity and flow to OEF when OEF = 70%. Although the results for other OEF values are not shown, both methods showed approximately the same degree of error propagation in every situation investigated.
Error propagation analysis
Clinical application
Ta ble 1 compares the variation of arterial con centration and CBF and OEF of the whole brain calculated with the two methods in each case. Be cause the arterial concentration errors induce sys tematic errors, they are not canceled if a large area is taken as a region of interest. Because the whole brain contains a mixture of gray, white, CSF, and lesions with a variety of CBF values, the differ ences in the parameter estimates between the two methods indicates the overall effect of the correc tion by the new method.
The mean variation (coefficient of variation) in the arterial concentration was 8.0% in C1502 and 5.8% in 1502 inhalation. The mean absolute differ ence in CBF estimates between the two methods was 2.43 ml/minJ I00 g and that in OEF was 2.86%. Those cases with large difference in CBF showed large arterial variation in C1502, although the con verse was not always true. There was a significant positive correlation between the magnitude of dif ference in CBF and the variation in Ca (r = 0.77, p < 0.01). Similarly, those with large difference in OEF showed large arterial variation either in C1502 or 1502 or both.
The computation time of the new method was 5 min for five slices of 128-matrix images, approxi mately twice that of the conventional method. 
DISCUSSION AND CONCLUSION
We have developed and evaluated a new method that is applicable when the tracer is not far from steady state. The new method maintains the practi cality of the old method, but is based directly on Kety's one-compartment model: arterial blood is sampled several times to acquire its time course. Then the well-known 150-labeled tracer model is solved without assuming the steady-state condition to estimate CBF and OEF.
The theoretical considerations and the simulation study indicated that the new method works per fectly if (a) steady state is reached at t = 0 and that (b) the blood sampling traces the time course of the input function. Although the first assumption is not realized in some clinical situations, the error can be significantly reduced by delaying the start of the scanning period with respect to the first blood sample (tl = 1 min in our protocol).
According to the simulation study, for a mono tonic gradual increase of 44% in Ca(t) over the study period, which may be an extreme case in clinical situations, as much as 12% error was ob served in CBF and 10-20% error in OEF in the steady-state method. The error was smaller for a rapid fluctuation or a biphasic change in Ca(t). It was also revealed that in the steady-state method as much CBF error occurred in low flow ranges as at high flow and that larger OEF error was observed in low flow than at high flow. It has been pointed out that the error propagation from the measured arterial activity to CBF increases with flow (Jones et aI., 1982) and that to OEF is independent of flow (Correia et aI., 1985) . As the flow decreases, how ever, the tisue responds to the arterial input more slowly. Therefore, if the current arterial activity is different from that of the past, which is responsible for the current tissue activity in a low flow area, large errors will result with the steady state method. This effect of low flow on the error should naturally depend on the shape of the arterial input function. It is likely that our method will be more helpful in decreasing the systematic errors in the case of continuous gradual change in input function than in rapid fluctuation, and in low flow ranges rather than in high flow.
The human validation study with CI502 revealed that when the cyclotron output increased 8% during the two consecutive scans, a significant discrep ancy was observed in the CBF images calculated by the steady-state method. This discrepancy is not explained by the statistical errors or regional CBF changes during the study period. When the varia tion in the arterial concentration was corrected using our method, no significant discrepancy was observed. Similar results were obtained in the 1502 scan, although the improvement was not as remark able.
The error analysis indicated that approximately the same degree of error is propagated from the measured regional activity to the parameter esti mates as in the steady-state method. Therefore, al though our method is more complex, it does not re sult in increased error propagation.
The 150 tracer model we used is the same model as used in the steady-state method (Frackowiak et aI., 1980; Lammertsma and Jones, 1983) , the only difference being that we require only that the blood and tissue activity be near steady state at t = O. Therefore, our method is subject to those problems and errors inherent in the model itself such as lim ited diffusion of H2150 (Eichling et aI., 1974) and tissue heterogeneity . If the assumptions underlying the model are accepted and the steady-state method is justified, then our method provides valid correction for arte rial activity variation, providing that its accurate time course is determined through sufficient blood sampling. In this regard, our method is superior to the conventional steady-state method.
When the new method was applied to the routine clinical studies, the parameter estimates were cor rected to a considerable degree in some cases that were associated with large variation in arterial con centration (Table 1) . The results suggest the effect of arterial variations observed in routine clinical studies and the possibility of the new method to correct for it.
In clinical PET studies using the 150 steady-state technique we have encountered a number of cases where the tissue activity monitor disclosed a large variation during the scan. Under the concept of steady-state method, those data were discarded and we were obliged to wait another 10 min for the tissue activity to reach a new equilibrium, which increased both the patient dose and the risk of physiological changes. Those data could be rescued by the new method presented in this article. Sometimes a PET scan is followed by the inter polating scan that is performed with the gantry or the patient bed moved half the slice interval in z axis to fill out the inadequate z-axis sampling (Senda et aI., 1985) . This is particularly useful when we want to look at very small structures or when the quantitation of cross-plane slices are unreliable. In such cases the arterial activity must be kept con stant longer than when only a single scan is per formed, and larger errors are expected if the steady-state method is used. Our method would be helpful in those situations as well.
Bolus administration of the 150 tracers has been proposed for both H2150 (Herscovitch et aI., 1983) and 1502 studies (Mintun et aI., 1984) . Not only is it useful for repeated measurements under various stresses, but also it has been emphasized that the linearity of flow and tissue activity reduces the error caused by tissue heterogeneity in high flow.
As long as the new method is used in a condition close to steady state, it bears the same advantages and disadvantages as the conventional steady-state method, except for the errors due to arterial con centration variation: it is affected more by tissue heterogeneity and less by brain-arm time differ ence and dispersion difference (Iida et aI., 1986; Senda et aI., 1987; Koeppe et aI., 1987) than the bolus administration method.
Because the algorithm of the new method is sim ilar to that used in the bolus administration tech niques, it is applicable to more dynamic tracer input such as bolus, slow bolus, step or gradual in crease, if the input functions are measured with sufficient accuracy. In that case, however, it is af fected by time-difference and dispersion-difference problems as well as variable C H(t)/Co(t) ratio in 1502 administration.
